INTRODUCTION
Aggregation of hemoglobin S molecules, the basis of the sickling phenomenon, is favored when hemoglobin Dr. Jensen is a Fellow of the Deutsche Forschungsgenmeinschaft.
Received for publication 9 October 1972 and in revised formn 29 May 1973. is deoxygenated. Compounds that alter the oxygen affinity of hemoglobin therefore affect the degree of sickling at a given partial pressure of oxygen. This report deals with the effects on sickling of two compounds, cyanate and 2,3-diphosphoglycerate (2,3-DPG), which, by different mechanisms, shift the oxygen dissociation curve and also influence sickling directly. Cyanate irreversibly carbamylates the N-terminal amino groups of hemoglobin chains. Carbamylated hemoglobin has increased oxygen affinity (1) . Therefore, the inhibition of sickling by cyanate (2) appears to be mostly due to the presence of more oxygenated hemoglobin at a given Po2 (3) (4) (5) . However, if carbanmylation and thus the overall inhibition of sickling is extensive, it can be demonstrated that a portion of the effect of carbamylation on sickling is independent of the increase in oxygen affinity (3, 6) . The present studies confirm and extend this observation.
In contrast, 2,3-DPG is known to decrease the oxygen affinity of hemoglobin by a specific electrostatic interaction that stabilizes the deoxy conformation. 2,3-DPG can therefore be expected to favor sickling at a given Po2. Recent experiments suggest, in fact, that 2,3-DPG enhances the viscosity of hemoglobin S in solution (6, 7) . The experiments presented here were designed to ascertain if, like cyanate, 2,3-DPG can influence sickling by a mechanism independent of its effect on oxygen affinity. The red cells were carbamylated by incubation at a hematocrit of 25%c in a Krebs-Henseleit buffer containing 1% albumin, 10 mM glucose, and 50 mM cyanate (final concentrations). Controls were incubated with equimolar concentrations of sodium chloride, substituted for sodium cyanate. The incubations were performed at 370C for 1 h under a stream of 5% C02 in air (300 ml/min). To determine the degree of carbamylation, the erythrocytes were incubated in the presence of "4CN02 (final specific activity: 29.5 ,uCi/mmol). The cells were then subjected to hypotonic lysis, and the lysate was passed over a Sephadex' G-25 column, which separated the hemoglobin from unbound CNO. 0.4 ml of the effluent hemoglobin was added to 1.5 ml of a 1: 1 mixture of isopropanol: protosol,2 followed by 1 ml of 30%o H202 to bleach the hemoglobin. 30 Viscosity of carbamylated and control sickle blood was measured at selected oxygen tensions with the use of a Wells-Brookfield cone plate viscometer.' The hematocrit was adjusted to 43±0.3%. A sheer rate of 46 s`was employed. The instrument was operated in an air-tight plastic bag previously equilibrated with the same gas mixture and through which a stream of hydrated gas was maintained.
METHODS
Minimum gelling concentrations were determined as described by Singer and Singer (11) . In order to determine the time required for complete deoxygenation, some specimens were placed in tonometers to which cuvettes with a 2 mm light path were attached, and the change in spectra of the concentrated hemoglobin solutions was followed with a Perkin-Elmer 350 recording spectrophotometer.5 Deoxygenation was complete when no further change of the spectrum (700-900 nm) could be induced by continuing exposure to N2. The temperature was kept at 20'C by placing the tonometers into a constant temperature water bath throughout the experiment. HEMA TO CR/T FIGURE 1 Viscosity of carbamylated (0) and untreated (0) sickle blood at different hematocrits. All samples were equilibrated with 1.95% 02, 5% C02, balance N2. Shear rate: 46 s*'.
at the rate of 100 ml/min, while the flasks were shaken at the rate of about 80 oscillations/min. During the deoxygenation period of about 2 h, samples were removed at intervals for the immediate determination of Po2, oxygen saturation, and the percentage of sickled forms. For the latter, a small amount of red cell suspension was anaerobically transferred into 10% formaldehyde in saline for fixation. 400 cells were then counted using previously described criteria (12) . The This result is in agreement with data obtained by others (2) . At a given hematocrit the viscosity of sickle blood is a function of the percentage of sickled forms present (13) . Fig. 1 shows the relationship between hematocrit and viscosity of partially deoxygenated sickled blood with and without previous carbamylation.
The blood was completely equilibrated with the same gas mixture, producing an equal Po2 in all samples. Viscosity was decreased at all hematocrits by carbamylation. To demonstrate the oxygen affinity independent aspect of the action of 50 mM cyanate, samples of hemoglobin S blood were equilibrated with gas mixtures containing between 0.5 and 3.5% oxygen. The relationship between viscosity and oxygen saturation of car-' Instrumentation Laboratory, Inc., Lexington Fig. 3 . Care was taken to insure that all these hemoglobin solutions were completely deoxygenated. The minimum gelling concentration increased with the degree of carbamylation. In the experiment shown here, the minimum gelling concentration of non-carbamylated hemoglobin was higher (28 g/100 ml), then the 24 g/100 ml usually found with hemoglobin S (14) . This patient's hemoglobin contained 7.2% hemoglobin F at the time of the experiment as determined by alkaline denaturation, which may account for an increase in minimum gelling concentration. In addition, this method shows considerable variation from one laboratory to another, and even higher gelling points for sickle hemoglobin have been reported (15) . The samples were examined for their methemoglobin content directly following the gelling experiments, and in no case was methemoglobin found to exceed 2%. These normal, high, and low DPG cells were then deoxygenated as described. Fig. 4 shows that sickling is increased in high DPG cells and markedly reduced in low DPG cells, as compared with the controls. This was expected from the known effect of the compound on hemoglobin-oxygen affinity. Fig. 5 demonstrates that the effect of 2,3-DPG is partly independent of its influence on oxygen affinity; the same sickling data are shown, but the partial pressure of oxygen on the abscissa is replaced by the measured oxygen saturation. There remained a greater number of sickled forms at a given oxygen saturation in the high DPG sample. Conversely, there was still clear inhibition of sickling in the low DPG cells. It was thus confirmed that 2,3-DPG favors sickling by at least two mechanisms, only one of which is related to the effect of the compound on oxygen affinity of hemoglobin. Fig. 6 shows the result when sickle cells were altered by a combination of carbamylation and an artificial increment in intracellular 2,3-DPG concentration. After a 1 h incubation with 50 mM cyanate, the cells were washed and resuspended in Krebs-Henseleit buffer containing IPP. Sickling of such cells was compared with those that had been exposed to only one of the incubation systems. Whereas carbamylation decreases sickling and high 2,3-DPG increases sickling at any given oxygen saturation, sickling of the carbamylated high 2,3-DPG cells was similar to that of completely untreated cells of the same patient. Thus, these two oxygen affinity independent effects on sickling counterbalanced one another.
-N, The rapid decrease of the intracellular 2,3-DPG concentration upon exposure to metabisulfite is due to a stimulation of the 2,3-DPG phosphatase (9, 16 ). Therefore, if enough substrates are added to the incubation to insure resynthesis of 2,3-DPG, no depletion occurs. Fig.  7 shows 2,3-DPG concentrations in an incubation in which 10 Fig. 8 ; they demonstrate that cells, in which the high DPG concentration is maintained despite the presence of 10 mM metabisulfite during the 4 h preincubation, sickled to a slightly greater extent than the controls, in which a moderate fall of DPG occurred during the preincuhation without additive.
DISCUSSION
Cyanate is presently being administered to sickle cell anemia patients in limited clinical trials (17) . Therefore, it is important to understand its mechanism of action. We have confirmed previous observations (3) that indicate that the inhibition of sickling by cyanate is, in part, independent of the increase in oxygen affinity. This additional effect is small. The At the extracellular pH of 7.4, which was well controlled in our incubation system, the intracellular pH in the high 2,3-DPG cells can be expected to be of the order of 7.0-7.1 (8) (18) (19) (20) . In order to rule out the possibility that the 4 h preincubation with metabisulfite causes a membrane alteration that would make it impossible for the cell to sickle when deoxygenated, we have produced cells in which high 2,3-DPG levels were maintained despite the exposure to metabisulfite. These cells sickled extensively, consistent with their high 2,3-DPG content. Sickling in this system is therefore dependent on intracellular 2,3-DPG and not upon the effects of metabisulfite on the cell membrane.
The mode of action of 2,3-DPG on sickling is not established. It has been suggested that since 2,3-DPG stabilizes the deoxy conformation, it may favor the aggregation of hemoglobin S molecules at a given oxygen saturation (21) . This interpretation is supported by experiments of Panicker, Ben-Bassat, and Beutler (6) who found increasing viscosity of partially deoxygenated hemoglobin S solutions when the 2,3-DPG concentration was raised.
Although the influence of 2,3-DPG as well as cyanate on oxygen affinity appears to be very important for the effects of these compounds on sickling, it is clear that they both also influence sickling directly. Because of the dual effect of 2,3-DPG, a decrease of its concentration results in a strong inhibition of sickling in vitro. Since this inhibition was demonstrated in intact erythrocytes that were incubated under physiological conditions, it can be expected that a therapy that lowers red cell 2,3-DPG in patients would be beneficial.
